We study thin films and magnetic tunnel junction nanopillars based on Ta/Co20Fe60B20/MgO multilayers by electrical transport and magnetometry measurements. These measurements suggest that an ultrathin magnetic oxide layer forms at the Co20Fe60B20/MgO interface. At approximately 160 K, the oxide undergoes a phase transition from an insulating antiferromagnet at low temperatures to a conductive weak ferromagnet at high temperatures. This interfacial magnetic oxide is expected to have significant impact on the magnetic properties of CoFeB-based multilayers used in spin torque memories.
The ferromagnet/oxide (FM/Ox) interfaces play an important role in modern spintronics. Insulating oxide layers sandwiched between two metallic ferromagnets form magnetic tunnel junctions (MTJs) [1] [2] [3] which find applications in magnetic sensors [4] [5] [6] [7] , spin torque oscillators [8] [9] [10] [11] , and non-volatile spin torque memory (STT-RAM) [12] . A number of FM/Ox interfaces exhibit large perpendicular magnetic anisotropy (PMA) [13] [14] [15] [16] needed for enhancing thermal stability of STT-RAM devices [17] [18] [19] . Furthermore, some FM/Ox interfaces exhibit magneto-electric coupling that allows control of the interfacial PMA with an electric field applied perpendicular to the interface. This effect, known as voltagecontrolled magnetic anisotropy (VCMA) [20] [21] [22] [23] , can be used for energy-efficient voltage-driven switching of magnetization at low current densities [15, 24, 25] .
The interface between Co x Fe y B z (CoFeB) ferromagnet and MgO insulator is one of the most important interfaces in spintronics because the STT-RAM technology is based on CoFeB/MgO/CoFeB MTJs [26] . Comprehensive understanding of structural, magnetic and electronic properties of CoFeB/MgO-based multilayers is at the forefront of applied spintronics research. In this Letter, we report magnetometry and electrical transport studies of (i) CoFeB/MgO/CoFeB nanoscale magnetic tunnel junctions and (ii) CoFeB/MgO based multilayer films. These studies reveal surprising anomalies in the temperature dependence of resistance and magnetization of the CoFeB films interfaced with MgO. Our data suggest that ultrathin magnetic oxide layers are formed at the CoFeB/MgO interfaces prepared under typical deposition and annealing conditions employed in fabrication of CoFeB/MgO/CoFeB MTJs with high tunneling magnetoresistance (TMR) [1, 2] . Interestingly, the high TMR observed in these MTJs seems to be largely unaffected by the interfacial oxide formation.
We (2 nm) , where the CoFeB layer thickness d ranges from 0.9 nm to 2.5 nm. In order to minimize the sample-to-sample variations, the films were grown in a single run without changing the deposition parameters. The films were post-deposition annealed at 300
• C for 30 minutes. We stress that the multilayers used in the MTJs and the CoFeB/MgO films are not only compositionally different but were also deposited in different sputter deposition systems. Nevertheless, the features of the temperature-dependent transitions described below are similar in the two systems, which suggests that the observed phenomena could be widespread in CoFeB/MgO based systems. Fig. 1(a) shows the hysteresis loops of the MTJ resistance versus magnetic field B applied in the plane of the sample parallel to the long (easy) axis of the ellipse measured at T = 4.2 K and T = 295 K. The hysteresis loop shapes are consistent with both the FL and the SAF magnetic moments lying in the sample plane as illustrated in Fig. 1(b) . The TMR is 77 % at 295 K and 97 % at 4.2 K [1] . Fig. 1(c) shows the temperature dependence of the MTJ resistance measured in the parallel state of the MTJ at B = −33 mT. The MTJ resistance decreases with increasing temperature and exhibits a step-like onset at T = 160 K, that fades out at T = 280 K. We refer to this asymmetric feature as 'peak' for simplicity in what follows. Since we confirmed that the MTJ remains in the parallel state through the measurement temperature range, the resistance peak must be attributed either to modification of the layers' resistance or to a change in the interlayer tunneling probability. Whether the sharp transition near T = 160 K is of magnetic origin cannot be determined from electrical transport measurements alone, and magnetometry measurements are required. The low magnetic volume of the nanoscale MTJ does not allow for direct magnetometry measurements, and thus we employ the large-area CoFeB/MgO based film samples for temperature dependent magnetometry.
We use a superconducting quantum interference device (SQUID) to measure magnetization M of the CoFeB/MgO films as a function of temperature in a saturating magnetic field applied in the film plane. Fig. 2(a) shows magnetization of the sample with 1.3 nm thick CoFeB layer normalized to its 5 K value. The M (T ) data reveal a broad asymmetric peak with a precipitous step-like drop of M at approximately 160 K. We observe this broad peak in all CoFeB/MgO films we studied (the CoFeB layer thickness ranging from 0.9 nm to 2.5 nm). The position and shape of the peak in M (T ) (Fig. 2) are very similar to those of the R(T ) peak observed in the MTJ sample (Fig. 1(c) ). Since the measurements are performed in a saturating magnetic field, we conclude that the peak in M (T ) cannot be related to any magnetization switching process. Therefore, the peak must be attributed to the presence of an additional magnetic phase in the films (e.g. magnetic alloy or oxide). The peak's shape suggests that a magnetic phase with nonzero magnetization and critical temperature of approximately 280 K is present in the sample. With decreasing temperature, this phase undergoes a first order transition to a phase with zero net magnetization (e.g. antiferromagnetic phase) at a temperature of approximately 160 K.
To gain further insight into the magnetic phase transition in CoFeB/MgO films, we carry out electrical transport measurements with current and magnetic field applied in the film plane. The film resistance as a function of temperature is shown in Fig. 3 for the sample with 1.1 nm thick CoFeB layer. The resistance decreases with increasing temperature and exhibits relatively sharp transitions at temperatures near 160 K. The magnitude of the observed resistance jumps (∼4%) significantly exceeds anisotropic magnetoresistance (∼0.035%) of the sample at 160 K, and thus the observed resistance jumps cannot be explained by any CoFeB layer magnetization switching. The resistance jumps must be attributed to intrinsic resistivity variations of the film. We also find resistance transitions for other CoFeB/MgO films with the CoFeB layer thicknesses between 0.9 nm and 2.5 nm. In Fig. 3 , three data sets are shown: The first R(T ) curve is measured during the cooling process. The resistance increases with two distinct jumps slightly below and above 160 K. The second curve is taken during the sample heating process. With increasing temperature, the resistance decreases with two smoother transitions. The resistance jumps suggest that a fraction of the sample undergoes a first-order metal-insulator transition. In the subsequent temperature cycling, the resistance always shows jumps with some variation of the exact magnitude and position of the jumps from one temperature sweep to another. We have confirmed the presence of these unusual resistance jumps in all CoFeB samples we studied via both 4-point and 2-point resistance measurements in a setup with verifiably low and stable contact resistances. We have also verified that the jumps are specific to the CoFeB/MgO system via measurements of other types of ultrathin metallic films such as Pt in the same measurement setup and found that such films exhibit the expectedly smooth non-hysteretic temperature dependence of resistance. The strong sweep-to-sweep variation of the resistance jump temperatures in the CoFeB samples point to a complex collective behavior possibly arising from interaction among coupled nanoscale magnetic oxide grains undergoing metal-insulator transition. Further studies are needed for detailed understanding of this complex behavior.
In Fig. 3 , a small feature in the resistance curve is observed at 40 K. A similar small feature also appears at 40 K in the temperature dependence of the magnetization shown in Fig. 2(a) for the 1.3 nm CoFeB film. It is more pronounced at higher in-plane magnetic fields. A distinct peak is seen for in-plane external field of 300 mT. For a lower field value of 15 mT, it is much less prominent ( Fig. 2(b) ). We attribute this peak to the presence of Co 3 O 4 phase. Its enhanced magnetic susceptibility at the Néel temperature T N = 40 K can give rise to the field-dependent peak. It must be noted that T N of nanoscale Co 3 O 4 would normally be expected to decrease. However, this phase is partially incorporated in a ferromagnetic matrix, which can also influence the Néel temperature. While this makes estimation of T N problematic, the potential presence of the cobalt oxide phase in the CoFeB/MgO films gives additional support to the picture of partial oxidation of the CoFeB layer [28] and requires a discussion of possible oxide types that could form in the sample.
Iron oxides are known to exhibit complex structural, magnetic, and electronic properties. Magnetite (Fe 3 O 4 ) , for instance, undergoes a phase transition at T V ∼120 K, known as Verwey transition [29] [30] [31] . At temperatures above T V , the ferrimagnetic magnetite possesses inverse spinel structure and electrical conductivity dominated by electron hopping between the mixed-valence octahedral sites. With decreasing temperature, the structure changes from cubic to monoclinic associated with an abrupt decrease of conductivity, lower magnetic susceptibility, and increased magnetocrystalline anisotropy while its magnetic anisotropy easy axis changes from <111> to <100> [31, 32] . Cation substitution (in particular by Co), oxygen vacancies, and stress are known to influence the transition temperature [33] . Another type of phase transition, known as Morin transition [34] , is found in hematite (Fe 2 O 3 ) at T M ∼ 250 K. Above T M , hematite is a weak ferromagnet [35, 36] with spins lying in the basal c-plane of the rhombohedral lattice [35] [36] [37] . With decreasing temperature, the spin directions flip to the caxis, and hematite becomes an antiferromagnet [37, 38] . Its conductivity [39] is expected to drop [34, 40] , however this effect can be altered due to the strong dependence of the conductivity on impurities, dopants, and stoichiometric defects in the hematite [41, 42] . Besides stress [43] [44] [45] , inhomogeneities, and oxygen vacancies [46] , the transition temperature depends strongly on the crystallographic grain size [37, 47, 48] . Reduction of T M to values of ∼160 K occurs in small crystallites of a few nanometers in diameter [38, 48] , which is likely to be the grain size of the magnetic oxide in our samples.
The properties of these magnetic phase transitions in Fe oxides are generally consistent with the phase transitions seen in our magnetometry and electric transport measurements on CoFeB films. Therefore, our results strongly suggest that a thin oxide layer is formed at the CoFeB/MgO interface. This oxide layer exhibits a phase transition from an insulating antiferromagnet at low temperatures to a conductive weak ferromagnet at higher temperatures with the transition temperature near 160 K. The transition is more prominent at higher fields (Fig. 2) and exhibits a temperature hysteresis (Fig. 3) [48] . These observations are consistent with the Morin transition in nanoscale hematite grains.
Since we observe the magnetic phase transitions in two different CoFeB-based types of samples (nanoscale MTJs and thin films), it is likely that the interfacial oxide formation is generally present in annealed CoFeB/MgO systems [43, 49] . The presence of an interfacial magnetic oxide layer is also consistent with our recent studies of CoFeB/MgO films by room-temperature ferromagnetic resonance [50] . These studies demonstrated that the effective PMA of a CoFeB layer depends on external magnetic field. This unusual field-dependent PMA was attributed to exchange coupling of the CoFeB magnetization to a magnetic phase with a high saturation field. Such a phase is consistent with a magnetic oxide phase with a critical temperature near room temperature [50, 51] .
In conclusion, magnetometry and electrical transport measurements of ultrathin films and magnetic tunnel junctions based on Ta/CoFeB/MgO multilayers reveal magnetic phase transitions below room temperature. Our observations suggest that a fraction of the multilayer undergoes a phase transition from a conductive weakly ferromagnetic state at higher temperatures to an insulating antiferromagnetic state at lower temperatures with the transition temperature near ∼160 K. This transition is consistent with the Morin transition in nanoscale hematite grains, which suggests that an iron-based magnetic oxide layer is formed at the CoFeB/MgO interface. We stress that the multilayers studied here were prepared under typical conditions used in fabrication of MTJs for STT-RAM memory elements -they were deposited by magnetron sputtering and annealed at 300
• C. We, therefore, expect the interfacial magnetic oxides to be generally present in CoFeB-based STT-RAM elements. The existence of this magnetic oxide layer should be taken into account in quantifying such important properties as effective saturation magnetization [28, 52] , effective PMA [50, 53, 54] , Gilbert damping [52, [55] [56] [57] , and the thickness of magnetically dead layers [28, 54, 57] .
We thank J. Langer for magnetic multilayer deposition. This work was supported in part by FAME, one of six centers of STARnet, a Semiconductor Research Corporation program sponsored by MARCO 
